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Contral aterally controlled neuromuscular electrical stimulation (CCNMES) is a new method of delivering neuromuscular electrical stimulation (NMES) to paretic muscles for the purpose of promoting motor relearning after stroke. 1 With CCNMES, the stimulation intensity and, therefore, the subsequent movement of the paretic limb are regulated by volitional movement of the patients' contralateral unimpaired limb. A sensor on the unimpaired limb regulates the stimulation intensity. Patients are instructed to attempt to move both limbs at the same time, thereby pairing motor intention with the stimulated (and intended) motor response. Repetitive pairing of motor intention with intended motor response may promote synaptic remodeling and neural reorganization, leading to improved central control of the impaired limb. 2Y4 In addition, simultaneous bilateral movements might promote interhemispheric disinhibition, which may allow reorganization by sharing of normal movement commands from the undamaged hemisphere. 5 A randomized controlled trial of CCNMES applied to the upper limb of patients with subacute post-stroke hemiplegia showed that CCNMES with occupational therapy produced larger improvements in impairment and function than did an equivalent dose of cyclic NMES and occupational therapy. 6 Promising results of CCNMES in the upper limb 1, 7 led to a case series feasibility study of its effects in the lower limb, particularly its efficacy in promoting recovery of ankle dorsiflexion. 8 When used to improve ankle dorsiflexion, CCNMES stimulates the paretic ankle dorsiflexors with an intensity that is proportional to the degree of volitional dorsiflexion of the contralateral unimpaired ankle. The unimpaired foot wears an instrumented sock that detects the degree of ankle dorsiflexion. Thus, volitional dorsiflexion of the unaffected ankle produces stimulated dorsiflexion of the affected ankle ( Fig. 1) .
CCNMES applied to the lower limb is intended to be an ankle motor retraining therapy consisting of repetitive ankle dorsiflexion exercise plus practice of a CCNMES-mediated ankle tracking task. Because CCNMES produces ankle dorsiflexion bilaterally and symmetrically, the treatment is done while seated, in contrast to peroneal nerve stimulators that assist dorsiflexion while walking. 9Y11 Although not used for walking, CCNMES may create a stronger temporal coupling of motor intention (central activity) and stimulated motor response (peripheral activity) than do other existing NMES therapies by giving the patient direct proportional control of the stimulus intensity. In addition, the active motor intention that the patient must give to dorsiflexing the ankle during CCNMES is greater than with ambulationassisting peroneal nerve stimulators, for which the patient does not consciously control the timing or the intensity of stimulation. This added cognitive investment required by CCNMES may be necessary to produce neuroplastic changes leading to motor recovery. 2, 12 In the case series feasibility study of ankle CCNMES in chronic (96 mos) hemiplegia, 8 two of the three participants had substantial improvements in lower extremity Fugl-Meyer score, maximum active dorsiflexion, and ankle tracking performance. Adding gait training to CCNMES treatment may produce FIGURE 1 CCNMES system for ankle dorsiflexion. Volitional dorsiflexion of the unimpaired ankle produces a improvements in functional ambulation and spatiotemporal gait parameters in addition to reductions in ankle impairment.
The purpose of this pilot randomized controlled trial was to estimate the effect of 6 wks of CCNMES and gait training on lower limb impairment, functional ambulation, and gait characteristics. Cyclic NMES was chosen as the comparison treatment because it rules out the effect of muscle stimulation (e.g., muscle strengthening) and the effects of other factors not unique to CCNMES, such as therapist attention, expectations, practice effects, and time in the laboratory or in exercise. Any group differences in outcome could then be attributed to the characteristics of CCNMES that distinguish it from cyclic NMES, which include (1) stimulation controlled by the participant, such that motor intention produces a proportional motor response; (2) bilateral symmetric ankle movement; and (3) stimulation assists a goal-oriented motor control task (tracking).
METHODS

Participants and Treatment Assignment
As a pilot study, the sample size was determined by budgetary and time constraints and the availability of eligible stroke patients. Stroke patients who were 21 yrs or older and had ankle dorsiflexion impairment from a stroke that had occurred at least 6 mos before enrollment were recruited from a stroke rehabilitation outpatient clinic of an academic medical center. Qualifying impairment was defined as foot drop during ambulation and less-than-normal ankle dorsiflexion strength (i.e., e4/5 on the Medical Research Council scale) while seated. To enroll, participants also needed to exhibit NMES-elicited pain-free ankle dorsiflexion to neutral while seated with the leg supported; ambulate at least 5 m continuously with minimal assistance or less without an ankle-foot orthosis (necessary for quantitative gait analysis); and have sufficient cognition and communication to use the study device as instructed, with the assistance of a caregiver if necessary. Patients were excluded if they had a brainstem stroke, insensate lower leg, uncompensated hemineglect, intramuscular botulinum toxin injections in any lower limb muscle within 3 mos of enrollment, acute signs or symptoms of deep vein thrombosis or thromboembolism, edema of the affected lower leg, or were currently receiving physical therapy for the lower extremity. The study protocol was approved by the committee on research ethics at the universityaffiliated hospital in which the research was conducted, and written informed consent was obtained from each participant.
After baseline assessments of lower extremity impairment, functional ambulation, and gait characteristics (described below), the participants were assigned in equal proportions to CCNMES or cyclic NMES. An adaptive randomization algorithm 13, 14 was used that minimized group differences on the following factors: (1) level of ambulation assistance required (i.e., at least contact guard assistance vs. no physical assistance) and (2) ankle proprioception (i.e., normal vs. impaired) determined by manual testing with the participants' eyes closed.
Electrical Stimulation Systems and Stimulation Parameters
For both groups, a single pair of 2 Â 2Yin selfadhering electrodes (PALS Platinum Blue, Axelgaard Manufacturing Co., CA) was used to produce ankle dorsiflexion, one positioned just below the head of the fibula over the common peroneal nerve and the second positioned over the motor point of the tibialis anterior. A multipurpose custom-built stimulator that produced biphasic rectangular current pulse trains was used. Pulse frequency was set at 35 Hz for all participants. Pulse amplitude was set constant at 40, 60, 80, or 100 mA, depending on what was needed to elicit dorsiflexion to neutral without pain. The strength of stimulated muscle contraction was modulated with pulse duration, which had a range of 0Y250 Ksec. For each participant, the maximum pulse duration was defined as that required to dorsiflex the ankle to neutral without pain while seated. The electrode positions were adjusted until balanced dorsiflexion was achieved without discomfort.
During stimulator use, the participants in both groups were seated with both legs supported on a leg rest and ankle movement unimpeded (Fig. 1 ). The stimulator was programmed according to group assignment. As a CCNMES stimulator, it delivered stimulation according to input received from a bend sensor (Images SI, NY) attached to a sock worn on the participant's unimpaired foot. As the participant moved the unimpaired foot from its resting posture to full dorsiflexion, the pulse duration (stimulation intensity) delivered to the paretic dorsiflexors increased from 0 to the maximum pulse duration determined for that participant. As a cyclic NMES stimulator, it delivered stimulation according to a fixed on/off duty cycle in which stimulation automatically turned on for several seconds and then turned off for several seconds with 1-sec on and off ramps. For the cyclic NMES group, no instrumented sock was worn on the unimpaired foot.
Each participant and their caregiver, if necessary, were trained on how to position the electrodes and use the stimulator according to their group assignment. For each participant, a picture of the electrodes in their proper positions was taken and given to them to assist positioning the electrodes themselves at home. A group-specific user's manual was also reviewed and given to each participant.
Treatments
For both groups, the treatment lasted 6 wks. It consisted of (1) self-administered home use of the assigned stimulator and (2) laboratory sessions that included gait training with a physical therapist.
The self-administered stimulation consisted of two sessions per day at home. Each session lasted 51 mins, consisting of three 15-min sets separated by 3-min rests. During each 15-min set, the participants in the CCNMES group sat with both legs extended and supported and were prompted by light and sound cues from the stimulator to repeatedly attempt to dorsiflex both ankles for several seconds then relax for several seconds. For the participants in the cyclic NMES group, the stimulator automatically dorsiflexed the paretic ankle repeatedly with the same duty cycle as that in the CCNMES group, the sound and light cues indicating when the stimulation ramped on and off. The participants in the cyclic NMES group were specifically instructed to try to dorsiflex their paretic ankle in synchrony with the stimulation but to keep their unimpaired foot relaxed. For both groups, the ankle dorsiflex/relax cue durations were changed every 2 wks, from 6 secs on/20 secs off, to 8 secs on/16 secs off, to 8 secs on/10 secs off. This graded duty cycle was to progressively build strength with longer duration of muscle contraction and more repetitions. 15 All participants were instructed to separate the two sessions by at least 2 hrs to avoid fatigue. On the days they came to the laboratory for gait training, they were instructed to perform only one exercise session at home at least 2 hrs after the laboratory session. In addition, they were instructed to skip any two exercise sessions they wished during the week. Therefore, the dose prescribed was equivalent to ten sessions per week for 6 wksVa total of 60 sessions. The participants filled out diaries to keep track of their exercise sessions. Compliance was monitored by the usage logging capability of the stimulator.
The twice-a-week laboratory sessions consisted of 15 mins of stimulation-mediated ankle exercise followed by 30 mins of pregait/gait training with a physical therapist. For the CCNMES group, the 15-min exercise was a CCNMES-assisted ankle movement tracking task. The participants sat with both legs supported, facing a computer screen that displayed two parallel traces scrolling right to left across the screen, creating a Bpath[ characterized by stretches of gradually rising and falling slopes and periods with abrupt jumps up and down. An electrogoniometer (Biometrics Ltd, United Kingdom) attached to the paretic ankle displayed a cursor on the screen, its vertical position corresponding to the degree of dorsiflexion of the paretic ankle. The participant's task was to keep the cursor between the parallel scrolling traces by using CCNMES along with his/her own volition to carefully dorsiflex and plantarflex the paretic ankle. The magnitude of deviation from the path was registered as an error, which was displayed on the screen and accumulated as the task progressed. At the end of the 15-min tracking task, a final error score was recorded and used as a goal during the next session. For the cyclic NMES group, the ankle exercise was a 15-min period of cyclic NMES. Cyclic NMES does not lend itself to assisting a goal-oriented motor control task such as ankle tracking because the participant does not control the stimulation. The ankle tracking task is intended to be an important aspect of CCNMES treatment 8 ; therefore, to ensure that both groups received equivalent doses of stimulation, the cyclic NMES group received a 15-min set of cyclic NMES at the laboratory sessions.
Both groups received 30 mins of conventional post-stroke pregait/gait training from the same experienced physical therapist. The focus of pregait training was to achieve sufficient trunk and balance control and master specific gait components to ambulate safely and efficiently. Weight-shifting exercises, side and forward stepping tasks, balance training in parallel bars, walking exercises, dynamic weight shifts, and strengthening exercises were included. Gait training on flat surfaces focused on safe and energy-efficient ambulation. Verbal cues and physical assistance were provided to facilitate proper sequencing of specific joint movements, coordination of paretic limb movement, and maintenance of balance. Each participant was scheduled for 2 laboratory sessions per week for 6 wks, for a total of 12 laboratory sessions.
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Outcome Assessments
Assessments of lower limb motor impairment, functional ambulation, and gait characteristics were made by a blinded assessor at baseline, at end of treatment (EOT), and at 1 and 3 mos after treatment. The primary impairment measure was the lower extremity Fugl-Meyer assessment, a valid and reliable global measure of lower extremity impairment after stroke. Secondary impairment measures included maximum dorsiflexion angle while seated, ankle movement tracking error, and maximum isometric dorsiflexion moment. The modified Emory Functional Ambulation Profile was the primary functional ambulation measure, 17, 18 and gait velocity was the primary measure derived from quantitative gait analysis. Secondary gait analysis outcomes included dorsiflexion angle at initial contact, peak knee flexion in swing, peak hip flexion in swing, stride length, and cadence.
The lower extremity Fugl-Meyer assessment required the participants to make various isolated and simultaneous movements of the hip, the knee, and the ankle. 16 Each movement was graded on a 2-point scale and summed to provide a maximum score of 34. Maximum dorsiflexion angle was measured using an electrogoniometer (Biometrics Ltd, United Kingdom) taped to the anterior aspect of the foot so that it spanned the ankle without impeding ankle rotation. 8 While seated with the lower leg supported and the knee flexed 30 degrees, a 4-sec audio tone prompted the participant to maximally dorsiflex the ankle; this was repeated three times, and the maximum dorsiflexion angles from the three trials were averaged. Ankle movement tracking error was measured using a 30-sec 0.1-Hz sinusoid track and the electrogoniometer at the ankle. 8 The mean absolute vertical distance between the cursor and the target sine wave was calculated in units equivalent to the percentage of the participants' rest-tomaximum dorsiflexion range of motion; the lowest error of the three trials was taken as the tracking error. Maximum isometric dorsiflexion moment was measured using a torque transducer (JR3 Inc, CA) attached to the shaft of a Biodex (Biodex Medical Systems, NY) dynamometer. With the knee fixed at 10-degrees flexion and the ankle fixed at 5-degrees plantarflexion, a 4-sec audio tone prompted the participant to dorsiflex the ankle with maximum force; this was repeated three times, and the maximum dorsiflexion moments from the three trials were averaged.
The modified Emory Functional Ambulation Profile 17, 18 participants were asked to perform these ambulation tasks at a comfortable and safe rate, with physical assistance as necessary to ensure safety. The five timed subscores were added to derive a summary score.
Quantitative gait analysis was performed using a Vicon MX Motion Capture and Analysis System (Vicon, Oxford, United Kingdom). The participants walked 5 m at a self-selected comfortable rate within the field of view of the motion capture system. Ten trials of data were collected per session, with a rest period between trials as needed. The threedimensional optical marker data were processed and analyzed using the biomechanical model contained in the Vicon software, which generated joint angles and spatiotemporal gait parameters.
Data Analysis
The baseline characteristics and scores for both groups were summarized with means T standard deviations for continuous variables and frequencies for categorical variables. The baseline characteristics were compared between the groups using Wilcoxon's rank-sum tests and Fisher's exact tests, as appropriate. For each outcome measure, a linear mixedeffects modeling approach was used to compare the effects of CCNMES and cyclic NMES across the posttreatment time points. The group Â time interaction was of primary interest in assessing whether the two treatments had significantly different ef-fects on the outcomes. Model estimates were made using a restricted maximum likelihood approach 19 in SAS version 9.2. In addition, in case parametric assumptions were violated because of the smaller sample size, all outcomes were modeled using a more robust estimator for the standard error. 20 The significance level was set at 0.05.
RESULTS
Twenty-six stroke patients were randomized to CCNMES or cyclic NMES; two did not complete the treatment phase (Fig. 2) . The analyses are based on the remaining 24 participants, 12 in each group. There were no losses to follow-up from either group. According to the stimulators' electronic data logger, the mean T SD percentage of prescribed sessions completed was 89 T 14 for the CCNMES group and 97 T 4 for the cyclic NMES group (P = 0.08, twotailed Wilcoxon's rank-sum test). This difference was mainly attributable to three participants in the CCNMES group who completed less than 85% of the prescribed sessions. Those participants had no problems understanding the device or putting it on; rather, their lower adherence was related to personal schedules, family responsibilities, and illness. The mean T SD number of laboratory sessions competed was 10.9 T 0.9 for CCNMES and 11.1 T 1.3 for cyclic NMES (P = 0.38, two-tailed Wilcoxon's www.ajpmr.com rank-sum test). There were no treatment-related serious adverse events, but there were two cases of discomfort from stimulation, which were resolved by adjusting the position of the electrodes. There were no significant differences between the two groups with respect to the baseline variables ( Table 1 ). The mixed-effects models estimated no significant group Â time effects for any of the outcome measures (P 9 0.05). The two groups were not following significantly different trajectories from each other, as can be seen in plots of least squares mean over time for the primary outcome measures (Fig. 3AYC) . Covariates for baseline values and for the percentage of prescribed home sessions completed were also included in the models, and neither was significant.
Because there were no significant group Â time interactions, the data from both groups were pooled and, within the linear mixed-effects modeling framework, the overall time effect for each outcome measure was examined. With the data from both groups pooled, a significant overall time effect was found for Fugl-Meyer score, maximum dorsiflexion angle, tracking error, maximum dorsiflexion moment, and modified Emory Functional Ambulation Profile (P G 0.05). These outcomes showed improvement over time, as exhibited by significant model estimates of the time effect between baseline and EOT in the direction of improvement ( Table 2) . For the measures with significant EOT improvements, there were no significant differences between EOT and 1 mo or between 1-mo and 3-mo follow-up. The same conclusions were found when the more robust estimates of standard errors were used in the models.
DISCUSSION
In this pilot randomized controlled trial of CCNMES for patients with chronic (96 mos) poststroke ankle dorsiflexor hemiparesis, no significant benefit of CCNMES over cyclic NMES was found. With data from both groups combined, there were significant changes on all of the impairment measures tested and on the functional ambulation measure. Significant time effects at EOT persisted throughout the 3-mo follow-up phase. The treatments and doses seemed to be acceptable to stroke patients, with 93% of the home sessions completed and 92% of the laboratory sessions kept, on average.
This study failed to show a benefit of CCNMES over cyclic NMES. This suggests that the features that distinguished CCNMES from cyclic NMESV stimulation directly linked to motor intention, bilateral symmetric ankle dorsiflexion, and stimulationassisted ankle trackingVwere inadequate to produce greater improvement on lower limb impairment and function than NMES plus gait training within the experimental conditions of the present trial. Several possible explanations are offered. First, the default interlimb coordination for the legs is antiphase, 21Y23 which is in contrast to the in-phase manner in which CCNMES was applied in this study (i.e., both ankles dorsiflexed together). 21, 23, 24 The in-phase approach was used here because it was associated with positive findings in the case series feasibility study. 8 Future studies might investigate CCNMES applied at the ankle in an antiphase manner so that dorsiflexor stimulation of the paretic ankle occurs in response to plantarflexion of the nonparetic ankle. Second, the distinctions between CCNMES and cyclic NMES might have been diminished by having the participants in the cyclic NMES group exert dorsiflexion effort in synchrony with the electrical stimulation. This simultaneous effort may have the same effect as linking stimulation directly to motor intention through a proportional control strategy even though the stimulation intensity in the cyclic NMES group was not controlled by the participant. Third, an acute or subacute stroke population would have greater potential for neuroplasticity than do patients with chronic post-stroke hemiplegia and may therefore respond more to one treatment than the other.
The measures for which there was a significant time effect at EOT included all the impairment measures tested and the functional ambulation measure. There were no significant EOT time effects on any of the gait kinematic or spatiotemporal parameters. The improvement in functional ambulation may have been caused by improvements in motor impairment or improved conditioning and practice effects of gait training. It is unclear what other aspects of gait training might have led to improving functional ambulation without also improving some gait kinematics or spatiotemporal parameters. The significant time effects on motor impairment at EOT may be attributed to (1) the gait training that both groups received, (2) NMES of either kind tested in this study, or (3) the combination of gait training and NMES of either kind. This study was not designed to discern which of those three possibilities is responsible for the time effect at EOT, but the finding that none of the gait parameters showed a significant time effect suggests that NMES, rather than gait training, was important in achieving the significant time effects on the ankle impairment measures, especially because ankle movement is what the NMES specifically targeted. This is consistent with the case series CCNMES feasibility study 8 and other studies of cyclic NMES applied to ankle dorsiflexors, 25, 26 which showed reductions in ankle impairment.
Improvements in gait kinematics did not accompany the reductions in nonambulatory impairment measures, perhaps because walking imposed additional factors (e.g., neuromuscular, biomechanical, compensatory) that negatively affected gait but were not significantly corrected by the dose and/or application of NMES or gait training used in this study. However, it is possible for an ankle-specific intervention that is applied while seated to not only reduce ankle impairment but also improve spatiotemporal gait parameters. 27 The NMES component might have contributed to the improvement in the functional ambulation measure by improving ankle stability or power.
Although the magnitude of improvements at EOT reached statistical significance for the impairment www.ajpmr.com and functional ambulation measures, it is questionable whether those changes were large enough to have clinical relevance because these were not associated with improvements in gait velocity. Nevertheless, the significant time effects suggest that gait training combined with NMES of either kind tested in this study has positive effects on ankle impairment and functional ambulation. Optimizing the dose or enhancing other features of the treatment (e.g., antiphase rather than in-phase CCNMES) might lead to larger and more meaningful improvements.
The outcomes of previous studies of lower limb post-stroke interventions bear similarities and differences to this one. Reductions in chronic lower limb and/or ankle impairment have been demonstrated in response to functional electrical stimulation, 26, 28, 29 such as in this study. In addition, significant group effects are not always found in randomized controlled trials comparing two or more post-stroke lower limb therapies, 26, 30 such as in this study. Unlike this study, others have demonstrated significant improvements in gait velocity and/or other spatiotemporal gait parameters after various lower limb therapies. 27, 29 ,31Y33 This study might not have shown improvement in gait velocity because the study population was more severely impaired, as demonstrated by slower baseline gait velocities, as compared with other studies that showed improvements in gait velocity. Patients with slower baseline walking speeds are known to improve less than those who walk faster at baseline. 30 A limitation of this study is the lack of a group receiving gait training with no electrical stimulation for comparison with the two groups that received gait training plus electrical stimulation. Without such a comparison, the relative contribution of gait training and electrical stimulation to the significant pooled data time effects could not be discerned. In addition, the lack of gait kinetic measures limited the ability to interpret the significant improvement in functional ambulation. Finally, the small sample size limited the power to detect small but significant effects.
CONCLUSIONS
In survivors of stroke with chronic (96 mos) ankle dorsiflexion hemiparesis, sixty 51-min sessions of CCNMES ankle therapy plus twelve 30-min gait training sessions for 6 wks did not significantly improve lower extremity motor function more than did an equivalent dose of cyclic NMES applied at the ankle plus gait training. However, both treatments resulted in significant but modest improvements in lower extremity impairment and functional ambulation. Future studies will target the acute/subacute patient population and evaluate the effect of a revised CCNMES paradigm in which stimulation to the paretic dorsiflexors more closely replicates the reciprocal pattern of normal walking. Applying antiphase CCNMES ankle training in the earlier stages of stroke recovery in combination with physical therapy may lead to more clinically relevant improvements in gait.
